1,3-Butadiene (CAS No. 106-99-0) was studied for potential carcinogenicity and chronic toxicity by inhalation in B6C3Fj mice. Groups of 50 mice of each sex were exposed to 0, 625, or 1250 ppm 1,3-butadiene for 6 hr/day, 5 days/week for 60 weeks (male) or 61 weeks (female). The study was scheduled for 104 weeks of exposure but was terminated early because of reduced survival related to induction of a variety of tumors in 1,3-butadiene-exposed mice. A second chronic inhalation study was conducted in which male and female mice were exposed to 0, 6.25, 20, 62.5, 200, or 625 ppm for up to 2 years. Additional groups of50 male mice were exposed to 625 ppm for 13 or 26 weeks, 312 ppm for 52 weeks, or 200 ppm for 40 weeks, then held without exposure until scheduled sacrifice 104 weeks after initial exposure.
Introduction
1,3-Butadiene is a colorless, low molecular weight, reactive gas used in the production of styrene-butadiene or synthetic rubber (1) . 1,3-Butadiene is mutagenic to Salmonella typhimurium strains (TA1530 and TA1535), and mutagenicity of butadiene requires metabolic activation (2). 1,3-Butadiene exerts strong genotoxic and cytotoxic effects on mouse bone marrow cells, resulting in an increase in frequency of circulating micronuclei, chromosomal aberrations, sister chromatid exchanges and circulating polychromatic erythrocytes; and a depressed cellular proliferation and depression of the mitotic index (3) (4) (5) .
In a 2-year inhalation toxicity/carcinogenicity study of 1,3-butadiene at 1000 and 8000 ppm in Sprague-Dawley rats, 1,3-butadiene was considered a weak carcinogen. High concentration-exposed male rats had increased incidences of Leydig-cell tumors of the testis and pancreatic exocrine adenomas. At both exposure concentrations, female rats had increased incidences of mammary tumors and uterine sarcomas; they also had increased incidences of thyroid follicular cell adenomas and Zymbal gland tumors, when exposed to 8000 ppm 1,3-butadiene (6) . A chronic inhalation study designed for 104 weeks of exposure, in which B6C3F1 mice were exposed to 625 or 1250 ppm of 1,3-butadiene, was terminated early (after 60-61 weeks ofexposure) because oftumor-related mortality in all 1,3-butadiene exposed mice (7, 8) . There were early induction and significantly increased incidences of malignant lymphomas, cardiac hemangiosarcomas, alveolar/bronchiolar neoplasms, and squamous cell neoplasms of the forestomach in males and females and adenocarcinomas of the mammary gland, granulosa cell tumors ofthe ovary, and hepatocellular tumors in female mice (7, 8) . Brain tumors and preputial gland carcinomas in male mice and Zymbal gland carcinomas in both sexes of mice were seen at low incidences but, because of their rare occurrence in untreated mice, they were suggested to have been possibly related to treatment (7) (8) (9) .
A second chronic study was conducted in which preliminary results indicate there is induction of similar tumors at the same sites seen in the first study, and tumor induction in the second study is occurring at lower concentrations than seen in the first 1,3-butadiene study. This paper documents and describes the gross and microscopic characteristics ofthe pertinent, induced neoplastic processes observed after 60 to 65 weeks of exposure.
Materials and Methods
The neoplastic processes described in this paper were those observed during the first 1,3-butadiene study that was conducted according to published literature (7, 8) and those observed during the second 1,3-butadiene study conducted under similar conditions but at different exposure concentrations. Male and female mice in the second study were exposed to 0, 6.25, 20, 62.5, 200, or 625 ppm of 1,3-butadiene for up to 2 years. Interim sacrifices were done at 40 and 65 weeks on these mice. Additional groups of 50 male mice were exposed to 625 ppm for 13 
Results and Discussions

Malignant Lymphoma
Exposure of mice to 1,3-butadiene resulted in increased incidences of malignant lymphomas in both sexes, and they were observed as early as week 20 in the first 1,3-butadiene study and week 23 in the second study. Most malignant lymphomas seemed to originate in the thymus, which is different from spontaneous lymphomas observed in this strain of mouse (10) . The thymus was the most frequently and prominently affected organ and occasionally the only affected organ. The typical gross appearance of malignant lymphoma was a large, pale, firm anterior mediastinal mass, displacing other thoracic cavity organs and often accompanied by hydrothorax (Fig. 1) . While thymic involvement of malignant lymphoma was predominant, generalized lymphoma was often encountered in the spleen, various lymph nodes, liver, kidney, lung, and less frequently in other organs. Most of the malignant lymphomas were well differentiated and lymphocytic (Fig. 2 ), a few were undifferentiated (11) . The lymphocytic malignant lymphomas formed monotonous sheets of uniform small to medium-size lymphocytes with round nuclei and little cytoplasm that focally or diffusely infiltrated the various organs. Malignant lymphoma was considered the major cause of early deaths in these studies.
1,3-Butadiene-induced thymic lymphoma cells have been shown to possess surface markers indicative of early T-lymphocytes and to have elevated amounts of murine leukemia virus (12) . The role of endogenous ecotropic retrovirus and 1,3-butadiene in this system has not yet been fully elucidated (13 Gross lesions of hemangiosarcoma were generally very distinctive. Affected mice sometimes had red fluid in the FIGURE 4. Metastatic pulmonary hemangiosarcoma as seen at necthoracic cavity. Heart masses, when observed grossly, ropsy. Multiple small, dark foci were scattered through the lung.
were generally described as pale or red and 1 mm to 9 mm in diamneter. The masses occurred within ventricular ... muscle at any location but more frequently at the apex of the heart. Occasionally, the heart masses protruded from the epicardial surface as dark saclike lesions (Fig.  3) , sometimes adherent to the lung. Commonly, heart hemangiosarcomas were deep within the myocardium and not visible grossly even at trimming. Metastatic pulmonary hemangiosarcomas were observed as distinctive multifocal 1 mm diameter red or dark foci at necropsy (Fig. 4) . Metastatic liver lesions were seen more frequently than metastatic lung lesions and occasionally were the only gross evidence of hemangiosarcoma. The liver lesions had the characteristic gross . appearance of multiple red or dark, soft, or friable foci 1 to 3 mm in diameter. The liver lesions were cystic and fled with dark red fluid (Fig. 5) . Occasionally a larger 2 3 4 5 cystic lesion would rupture and cause hemoperitoneum. (Fig. 8) . Occasionally, the heart tumors were multifocal ( Fig. 9 ) and often co-existed with foci of endothelial hyperplasia distant to and separate from the main cardiac neoplasm. Occasionally, the hemangiosarcoma invaded the visceral pericardium and formed neoplastic growths containing areas of hemorrhage and thrombosis (Fig. 10 ). The cardiac hemangiosarcomas were considered primary. However, most lesions in the lung and liver were considered as metastatic because early lesions were observed in the heart and rarely at other sites, the incidence was highest in the heart, and pulmonary or liver hemangiosarcoma were rarely observed in the absence of cardiac tumors.
Hemangiomatous liver lesions were characterized by multifocal cystic structures filled with red blood cells (Fig. 11) . The liver lesions typically had single to multi- sarcoma cell emboli (Fig. 12) . Infrequently, metastatic hemangiosarcoma cells were found in glomerular tufts and the brain. Hemangiosarcomas of the heart are rare in the mouse (9,10,14) with a 0.04% incidence in B6C3F1 mice (7) . Ultrastructural characteristics of 1,3-butadiene-induced cardiac hemangiosarcomas have been described (15) .
Proliferative Lung Lesions
Grossly, proliferative lung lesions in both sexes of each study were usually observed as white or pale nodules 1 to 3 mm in diameter. The smaller foci and nodules tended to correlate with alveolar bronchiolar epithelial hyperplasia or adenomas. Larger, pale, firm lung masses tended to correlate with alveolar/bronchiolar carcinomas that occupied whole lung lobes and were as large as 1.5 cm in diameter (Fig. 13) . (Fig. 14) with basic alveolar architecture remaining intact; occasionally, a more columnar-shaped cell proliferated along alveolar ducts (Fig. 15) . Alveolar/ bronchiolar adenomas were diagnosed when compression of adjacent tissue and loss of alveolar structure were observed (Fig. 16) . When lung tumors displayed increased pleomorphism and showed evidence of tissue invasion or metastasis, alveolar/bronchiolar carcinomas were diagnosed. Alveolar/bronchiolar carcinomas were frequently papillary and commonly had areas of cuboidal proliferation (Fig. 17) (16, 17) . A lung tumor, observed infrequently in the second 1,3-butadiene study and not observed in the first study, was an adenocarcinoma that tended to have areas of solid growth patterns; some of the columnar cells that fonned acini were discrete goblet cells (Fig. 18) . Portions of these tumors were highly anaplastic and tended to be invasive to the mediastinal cavity with frequent metastasis to the heart, kidney, and skeletal muscle. 
Forestomach Squamous Cell Proliferative Lesions
Both sexes of mice in each study had increased incidences of proliferative forestomach lesions. Forestomach epithelial hyperplasia at necropsy was a thick, white, pale, focus or raised lesion 1 to 2 mm in diameter.
Squamous cell papillomas were similarly described but tended to be larger. Squamous cell carcinomas of the forestomach were often described as pale, firm 1.5-to 2.0-cm masses penetrating the forestomach wall and growing as multiple nodules on the serosal surface and occasionally seeding throughout the peritoneal cavity (Fig. 19) .
Forestomach epithelial hyperplasia was an occasion- ally diffuse but usually a focal lesion of folded hyperkeratotic epithelium with rete peg formation (Fig. 20) . Occasionally, ulcers or microabscesses were present in the hyperplastic foci. Squamous cell papillomas were also common. They were variable in complexity from two to three fingerlike projections of epithelial growths to multipronged, villous masses having many exophytic projections of fibrovascular cores covered with acanthotic, hyperkeratotic squamous epithelium (Fig. 21) . Squamous cell carcinomas were diagnosed when there was invasion of the muscularis by proliferating squamous epithelium. These neoplasms were generally well differentiated (Fig. 22) 
Mammary Gland
Mammary gland neoplasms in females from both studies were generally described as subcutaneous skin masses that were pale, firm, rubbery, and 2 to 3 cm in diameter. Because of different pathology data collection systems, acinar cell carcinoma of the first study was diagnosed as adenocarcinoma in the second study, while adenosquamous carcinoma in the first study was diag- nosed as adenoacanthoma in the second study. The mammary adenocarcinomas usually had fields of small acini lined by large pleomorphic, cuboidal to polygonal epithelial cells (Fig. 23) (Fig. 24) . Pulmonary metastasis of the mammary adenoacanthomas was not uncommon.
Ovarian Granulosa Cell Tumors
Granulosa cell tumor induction was treatment-related in both 1,3-butadiene studies. Grossly, granulosa cell tumors were described as masses or enlarged ovaries that were yellow, pale, firm, and 3 to 6 mm in diameter. Occasionally, they were described as red, firm masses 1 to 1.5 cm in diameter.
Granulosa cell hyperplasia was observed in a small number of animals where the focal increase in granulosa cells was noncompressive and occupied less than half of the ovary. Granulosa cell tumors observed thus far varied considerably in size and morphology. Most of the granulosa cell tumors were benign. Small granulosa cell tumors were diagnosed when they compressed or com- pletely displaced surrounding ovarian tissue (Fig. 25) . Usually they were composed of uniform proliferation of granulosa cells aligned on a scant fibrous stoma in a discretely packeted tubular pattern (Fig. 26) . Occasionally the ovarian tumors were larger, forming cysts separated by thick fibrous trabeculae on which proliferating granulosa cells were located. Nests and islands of proliferating granulosa cells were often isolated within the trabeculae (Fig. 27) . Cystic areas in these larger neoplasms were often filled with red blood cells or less often filled with clear or lacy fluid (Fig. 28) . Call-Exner bodies or microfollicular patterns were not commonly seen.
Occasionally, large malignant granulosa cell tumors were observed. Generally, they had increased mitotic figures and cellular pleomorphism. Some of the tumors showed vascular invasion and occasionally metastasized to the lung. Although other ovarian tumors (benign mixed adenoma, adenoma) were also noted, their incidences were low. Generally, in control B6C3F1 mice granulosa cell tumors are the third most commonly encountered ovarian tumors (20) and they are expected to be seen in less than 0.5% of control mice (9) .
Liver Neoplasms
In the first 1,3-butadiene study, the incidences of hepatocellular neoplasms were statistically increased in female mice, but a clear response is not present in the second 1,3-butadiene study at week 65. Grossly, liver tumors varied from nodules 3 mm in diameter to masses 2 cm in diameter (Fig. 29) . They varied in color from pale tan to mottled dark red and were seen in one or multiple lobes. Histologically, the morphologic variety observed in the hepatocellular adenomas and carcinomas was typical of that generally encountered in mice (21) . Hepatocellular adenomas were generally smaller and composed of uniformly sized, well-differentiated cells having little nuclear pleomorphism (Fig. 30) 
Brain Tumors
Brain tumors were observed in the first 1,3-butadiene study in male mice (two exposed to 625 ppm and one exposed to 1250 ppm) (7) . Since brain tumors are rare in mice (9) , it was suggested that this may represent a treatment-related effect, especially since these lesions were seen in mice 66 weeks old or less. In the second 1,3-butadiene study, a few brain tumors were also found. Thus far, all were in males. Some (Fig. 32 ). There was a rare hint of pseudorosette formation. The fourth tumor had a similar cellular arrangement, but it had a loose spindle cell component as well. All four of the tumors also affected the olfactory region of the posterior nasal section, and some showed evidence of a meningeal compression as well as brain parenchyma invasion. 
Zymbal Gland Carcinomas
Zymbal gland carcinomas in the first 1,3-butadiene study, because of their rarity, were suggested to be possibily treatment-related (7, 9) . Zymbal gland carcinomas were seen in two males and one female exposed to 1250 ppm. Thus far, in the second study, one has been seen in a mouse exposed to 625 ppm for 26 weeks, and two have been observed in mice exposed to 625 ppm for 13 weeks. Two benign Zymbal gland tumors were seen in female mice exposed to 625 ppm.
Histologically, the Zymbal gland carcinomas were characterized by expansive multilocular areas of necrosis rimmed by viable, proliferating small basophilic cells that showed a tendency for squamous differentiation on the surface near the necrosis and around multiple small cystic foci scattered through the mass. Multiple foci of differentiation toward sebaceous cells were observed. Infiltration of surrounding tissues and blood vessels was observed, as well as metastasis to the lung. The benign tumors seen in the female mice were an adenoma and a duct papilloma. The adenoma was smaller than the carcinomas, had no necrotic areas, was not invasive, and showed more evidence toward squamous and sebaceous differentiation (Fig. 33) . The duct papilloma consisted of a large cystic space filled with cell debris and keratin and rimmed with projections of squamous epithelium with little evidence of sebaceous differentiation.
Preputial Gland Carcinomas
The third tumor type observed in the first 1,3-butadiene study at low incidences, but considered rare in mice and possibly related to treatment, was the preputial gland carcinoma (7, 9) . Preputial gland carcinomas were seen in three mice exposed to 625 ppm and two mice exposed to 1250 ppm. While no preputial gland carcinomas were observed prior to 65 weeks in the second study, at least three have been diagnosed after 65 weeks in each 625 ppm dose group exposed for 13 or 26 weeks. Grossly, they were described as masses ranging from 2 mm to 3.5 cm in diameter, pale or green, and firm or friable. Histologically, the preputial gland carcinomas were tumors forming nests of epithelial cells at the periphery of a necrotic core. Occasionally the cells were large eosinophilic epithelial cells that were well differentiated toward squamous cells with keratin pearls or toward sebaceouslike cells. Seemingly more frequent were carcinomas with more anaplastic and pleomorphic basophilic epithelial cells. The nuclei tended to be smudged, and mitotic figures were common. The tumor cells aggressively invaded surrounding tissue and blood vessels forming nests that were separate from the main tumor mass (Fig. 34) . Pulmonary metastasis was observed. Preputial gland adenomas were diagnosed in 2 of 2343 control male mice in a National Toxicology Program Data Base, while no carcinomas were observed in that same group (9) .
Conclusion
Comparison of the results of 1,3-butadiene exposure of rodents to vinyl chloride is interesting. Vinyl chloride induced Zymbal gland tumors in rats (22) . Zymbal gland tumors were associated with 1,3-butadiene exposure in rats and mice (6) (7) (8) . Neuroblastomas were diagnosed in rats exposed to vinyl chloride (22) , and neuroblastomas have been observed in mice exposed to 1,3-butadiene (7, 8) . Vinyl chloride exposure in mice caused an increased incidence of lung tumors and mammary adenocarcinomas with squamous metaplasia (22 
